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Elastic Contact and Friction 
Between Sliders and 
Circumferentially Textured 
Disks—Part III: Experiments 
This three part paper presents the experiment and numerical analysis of the friction 
of a thin-film rigid disk with circumferential surface texture. In Part III, we examine 
the friction of a disk on the unworn virgin and worn tracks at various relative 
humidities. The real contact areas and pressures on both tracks are estimated using 
the Hertz contact model of two-dimensional asperities in Part I and related to the 
frictional coefficients on the basis of the meniscus model in Part II. The analysis yields 
that the effect of meniscus is predominant in the flat contact situation, particularly on 
the worn track at high humidity, while the effect is negligible in the taper/fiat edge 
contact situation on both the tracks even at high humidity. 
1 Introduction 
In Part I of this three part paper, we modeled the HDI contact 
of a circumferentially textured disk as a line contact of a cylin-
der with strongly anisotropic asperities (Tanaka and Kusumi, 
1998). In Part II, we determined a formulation of meniscus 
force at the ellipsoidal Hertz contact assuming that the meniscus 
height is negligibly small compared with the radius of curvature 
of the liquid periphery (Tanaka, 1998). In this third part, we 
present the experiments of friction on the worn and unworn 
virgin tracks of a rigid disk at various humidities. The real 
contact areas and pressures on the two tracks are estimated 
using the analytical model of Part I and related to the frictional 
behavior by taking into account the meniscus effect of water at 
the head-disk interface (HDI). It is expected that the apparent 
contact area between the disk and the slider rails varies with 
the contact situations induced by the different pitching motions 
of the head. This may influence the frictional behavior. Thus, 
we consider the two extreme situations of contact with the 
disk surface—flat contact situation and taper/flat edge contact 
situation (see Fig. 1 in Part I) . For the necessity of obtaining 
the analytical solution, we modeled them as two cylindrical 
bodies of a finite length that press against a disk surface with 
two-dimensional arrays of texture having randomly distributed 
peak heights. The axes of these cylindrical bodies lie across the 
texture and the radii of curvature of these cylindrical bodies R, 
are being determined in correspondence with the two different 
HDI contact situations. Their lengths, L, are equated to the 
width of the slider rails. 
The friction force between the head and disk increases during 
prolonged sliding contact because of the smoothing of the disk 
surface due to wear (Marchon et al., 1989, Koka et al., 1990). 
That is, smoothing of the disks or head surface will increase 
the real contact area, A, and hence the friction force. None of 
the earlier studies seem to have clearly demonstrated that there 
is an increase in A by measuring the surface topography on a 
same wear track before and after the wear test. In this study, 
the smoothing behavior of the disk surface on the wear tracks 
has been measured by using a topographic scanning electron 
microscope (SEM), which is equipped with a special sample 
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holder to directly observe the sample of a 95 mm disk. The 
greatest advantage of the SEM topography over the other meth-
ods is the capability of profiling to relocate, at a particular 
section of a surface, by introducing the slightest amount of 
damage or contamination. The SEM easily yields half-tone im-
aging pictures of microscopic surface features and it enables 
the surface morphology to be analogously visible as if it were 
observed by human naked eyes. The disadvantage of the con-
ventional SEM is the limitation of information on quantitative 
analysis. However, the SEM used in this study has overcome 
it by installing two secondary detectors; a surface profile is 
constructed by integrating a series of segmental gradients mea-
sured by the two detectors (Tanaka et al., 1992a). The principle 
of gradient determination of the topographic SEM is based on 
a relation that the difference in the square signals between the 
two detectors is proportional to surface gradient. The vertical 
and lateral resolutions at the magnification of 5000 times are 1 
nm and 6 nm, respectively. However, the spatial resolution 
decreases with the decrease in the magnification or the increase 
in the measuring length, as in the case of atomic force micros-
copy (AFM). Its application to an assessment of a random 
surface on a texturized disk has some limitation, since the statis-
tically significant data will be obtained when the profiling length 
is sufficiently high, say longer than 100 yum, in which the resolu-
tions decrease a factor of five compared with those measured 
on the optimum magnification. Thus, we have established a 
successful data processing technique to obtain a comparatively 
long profile with universal validity by which surface topography 
of a texturized disk can be characterized without the deteriora-
tion of the spatial resolution; we measure more than ten sequen-
tial overlapping profiles at 5000 times and connect them by the 
optimization techniques (Yanagi et al., 1991). 
The AFM operated in so-called repulsive mode is capable of 
better than 0.1 nm vertical resolution and approximately 0.2-
0.4 nm lateral resolution. However, the usual measurement of 
texturized disks is conducted by a 2.5 jim or 5 //m square image 
with 12.5 or 25 nm lateral resolution. The lateral resolution is 
comparable to that of the SEM, although the vertical resolution 
is much better. Bhushan and Blackman (1991) compare the 
topography statistics calculated for the AFM data on a 2.5 jjxn 
square with the data using the non-contact optical profllometer 
(NOP) which were obtained by Bhushan and Doerner (1989). 
The mean radii of curvature of the peaks, R^, obtained with the 
SEM by Yanagi et al. (1992) were two orders of magnitude 
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smaller than the NOP data (~200 fj,m), while one order of 
magnitude larger than those of the AFM data (~0.25 fim). The 
AFM may emphatically profile the nanoasperities inherent in 
sputtering rather than the microasperities constructed by textur-
ing (Bhushan and Blackman, 1991), whereas the NOP samples 
much more smoothed profiles than the microasperities (Tanaka 
et al., 1992b). Bhushan and Blackman (1991) also suggest that 
the nanoasperities are completely crushed or worn at the very 
initial stage of frictional tests on textured disks, becoming part 
of larger microasperities, which are subsequently deformed 
elastically and determine the stable frictional behavior. 
The conventional stylus instruments provide a profile suffi-
ciently long for the characterization of wear in a textured disk. 
Koka et al. (1990) made roughness measurements in wear 
tracks on several types of disks using a stylus profiler with a 
tip radius of 0.5 fj,m under the load application of 0.5 mg over 
a scan length of 200 fim. They give R,i = 1.8 ~ 7.2 //m for the 
highest peaks of virgin track and 2.5 ~ 9.7 fim for those of 
worn track in various disks. These values of R^ are in the same 
order of magnitude but almost three times as large as those 
obtained by the topographic SEM (Yanagi et al , 1990). As a 
result, we believe that the SEM profiling is, up to now, the most 
useful technique to assess the microscopic wear on the track of 
the slider with a range of 100 ^m or longer on condition that 
the disks have a roughness of 10 nm order as those used in the 
present study. We also believe that the stylus profiling is the 
second best, because it cannot avoid some errors due to the 
contact damage on the tracks. However, it is needless to say that 
we must use AFM profiling, when the disks have a roughness of 
1 nm order. 
2 Experimental Procedures 
The sample was a 95 mm diameter thin-film disk of Al-Mg 
alloy multilayered by sputtering deposition on NiP galvanized 
substrate. The layers consisted of a Cr underlayer of 100 nm 
thickness, a Co-Cr-Ta magnetic film of 50 nm, and a carbon 
overcoat layer of 30 nm. The sputtering of carbon was con-
ducted by an in-line DC magnetron sputtering apparatus with 
2.2 kW power under 0.4 Pa argon gas atmosphere. The substrate 
was mechanically textured by alumina grit. Figure 1 represents 
a micrograph of the surface texture on a thin-film disk, which is 
the difference signal image of the topographic SEM (ESA3000, 
ELIONIX Inc.) (Tanaka et al., 1992a). The heads used were a 
composite type with CaTiOs sliders having 3.20 mm X 4.43 
mm X 1.27 mm dimension. The flat surface region of the two 
slider rails was 0.6 mm in width (this is equated to L) and 3.68 
mm in length and the lead taper angle was 0.01 rad. The rails 
had a positive 28 nm crown but no camber. 
The elastic properties of overcoated carbon disk and slider 
rail were measured by a nano-indentation tester with a Berkov-
ich indenter (Shimamoto and Tanaka, 1997). Since reliable 
indentation data had not been obtained for the textured disk, a 
nontextured disk was made under the same sputtering condition 
as those used for the textured disks and served for the measure-
ment. Figure 2 represents the load-displacement (PN - h) curve 
of the nontextured carbon overcoated disk, which behaves elas-
tic up to 13 nm or higher penetration. The theoretical curve of 
elastic Berkovich indentation with a tip truncation A/j, is ex-
pressed by (Murakami et al , 1994, Shimamoto et al , 1996) 
PN + APw = 0.95 tan aE*{h + A/i)^ (1) 
where a is the apical angle of the indenter ( = 65 deg), A/; = 
1.08A/J, and AP^, = 1.16AP, with AP, = 0.95 tan aE*Ahl 
Here, Ah, is related to the tip radius of the indenter Ri by Ah, 
= R, cot^ a/S, and the composite Young's modulus E* is 
defined by 
l / £ * = (1 -iyl)/E„ + {l -v])IE, (2) 
Fig. 1 Topographic SEM image of a textured disk 
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where E and u are Young's modulus and Poisson's ratio, respec-
tively, and subscripts d and / denote carbon-overcoated disk 
and diamond indenter, respectively. After a preliminary test on 
a glass having a known modulus, we found that the indenter 
used in the present study had a tip truncation Ah, = 4 nm {Ri 
= 150 nm). The solid curve in Fig. 2 is the theoretical curve 
expressed in Eq. (1) to give the best fitting to the experimental 
data when Ah, = 4 nm. This yields an estimation of Young's 
modulus at EJ(y\ - v''-) = 102 GPa for the carbon-overcoated 
disk. Similarly, we have an estimation at EJ{\ - v]) = 140 
GPa for the CaTiOa slider rails, where subscripts s denote slider 
rails. 
A drag test was performed in a class 100 bench at 303 ± 2 
K temperature and 50 ± 3 percent relative humidity (RH). An 
unlubricated disk was tested at a rotational speed of 0.2 m/s 
under the load application of P„ = 93 mN with the head running 
on a circular track with a radius of 42 mm. After the finish of 
the drag test up to 3 X 10'' cycles, we changed the head to a 
new one, and then we measured the friction of the once drag-
tested disk under varying RH from 45 through 98 percent. The 
frictional test procedure was as follows. After having the disk 
held for one hour in a given RH, we rotated it three cycles at 
Pex — 93 mN with a speed of 0.04 m/s and monitored continu-
ously the frictional forces during the last cycle. In each RH, we 
run the head slider on two different tracks, the track worn by 
the previous drag test and a virgin track which was not exposed 
to head wear. 
The profiles of the asperities on the track slid by the inner 
rail of the slider were measured before and after the drag test 
using the topographic SEM over a distance of 240 /j,m across 
the track. The measurement was conducted at four locations 
with equally spaced angular intervals on the track. Prior to 
making the drag tests on the disks, the four locations were 
marked by Vickers indentations; each location was identified 
by two Vickers indents radially apart from each other by a 
distance of 2.6 mm so as to pass the track on their perpendicular 
bisector. 
The topographical analysis of the SEM data was made ac-
cording to the method proposed by Yanagi et al. (1991). The 
disk surface was profiled by the SEM at 5000 times with a 
measuring length of 24 /um composing of 780 discrete height 
data. More than ten sequential profiles were obtained on each 
location of the tracks. Two adjoining profiles were overlapped 
by about 2 //m and connected with each other by using a proce-
dure based on least-squares techniques. The data of 200 /xm 
distance within the measured distance of 240 /um were used for 
the statistical analysis. While it would have been preferable to 
measure over the whole width of the railtracks (600 ^m), it 
was impossible to determine the exact position of the track 
edges by the SEM observation. Furthermore, the 200 //m dis-
tance had an allowance enough to be included in the track, even 
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Fig. 2 Nanoindentation curve of overcoat carbon film on a nontextured 
disk 
if its centerline had been removed from the bisector line because 
of some setting error. All the peaks and valleys in the overall 
profiles thus connected were extracted by the smoothing and 
differentiating techniques (Savitzky and Golay, 1964). The 
nine points weighting function was selected as the smoothing 
function for the disk surfaces. The topographic parameters ob-
tained in this paper were: (1) statistical distribution of peak 
height; (2) curvature of its tip radius; and (3) asperity slope at 
the peak. The curvature of asperity tip radius was calculated 
from the segmental area surrounded by the height data of neigh-
boring five points around the asperity tip. This value suffers 
rounding off the tips included in the segment of nearly 124 nm 
in width, and thus it is effectual in evaluating the tip geometry 
of the microasperities. The asperity slope was defined by the 
gradient of a segment surface between a peak and an adjoining 
point. 
3 Experimental Results 
The frictional coefficients during the drag test under RH = 
50 percent varied between 0.1 to 0.4 up to 1 X 10"* cycles and 
then maintained almost a constant level of 0.25 from 1 x 1 0 ' ' 
through 3 X 10" cycles. The wear tracks did not appear to be 
different from the rest of the disk to the naked eye, when these 
were observed from the direction normal to the disk. However, 
these could be seen when the disk was observed from a hori-
zontal direction with a few degrees inclination above the disk 
surface. The SEM observation did not reveal any wear debris 
generated during the sliding on the disk, but the debris was 
found to be smeared on the lead taper surface of the slider rails. 
Figure 3 exhibits an example of surface profiles measured by 
the topography SEM on a wear track before (a) and after {b) 
the drag test. There is one-to-one correspondence between the 
asperities obtained before and after the drag test, indicating that 
the relocation was almost perfect. It looks that there is no appar-
ent change between the two profiles in Fig. 3. However, we can 
distinguish between the two profiles by the statistical analyses of 
the relevant topographic data. Figure 4 shows the cumulative 
height distributions for the asperities measured at one of four 
locations (location #2) on the same track before and after the 
drag test. The two curves of cumulative height distribution pro-
vide a similar trend, although a clear decrease in peak height 
appears after the drag test. When plotted on a semi-logarithmic 
scale, as shown in Fig. 4, data which follow the exponential 
distribution function (Eq. (12) in Part I) will fall on a straight 
line whose gradient gives a measure of the standard deviation 
a. It appears that the upper height distributions of both the 
(a) before drag test 
20 urn 
/^^\YI;*%nfly%^ 
(b) after drag test 
Fig. 3 Surface profiies measured by the topographic SEM on a wear 
tracl< before (a) and after (b) the drag test 
profiles follow the respective straight solid lines and are almost 
exponential. However, a number of asperities at the uppermost 
height range (2 percent of the height peaks) depart markedly 
from the solid lines and rather follow the dotted lines. Table 1 
summarizes the topography statistics of total asperities at four 
different locations obtained on a same track before and after 
drag test. Each location includes about 250 asperities sampled 
over 200 /xm distance. The asterisked data in the last three 
rows show the values for 15 percent of the highest peaks. The 
comparison of the two data before and after drag test in Table 
1 reveals that the roughness values evaluated from all the peak 
data tend to decrease by the wear test, but the change is not 
large. However, the change in mean radius of the curvature of 
peaks, Ri, obtained for the 15 percent of highest peaks appears, 
to a certain extent, significant. Similar trend is clearly demon-
strated in the data of Koka et al. (1990), implying that only 
the high peaks on the surface are gradually worn out, while the 
remaining peaks are left untouched. 
Figure 5 shows frictional coefficients // against RH measured 
on worn and unworn virgin tracks. The circular marks and the 
error bars denote the average value of frictional coefficient over 
one cycle and the range of data variation from maximum to 
minimum, respectively. On careful examination of the rail sur-
faces after the frictional tests, any smear of debris particles was 
not visible on their lead taper. The frictional coefficients and 
the data variations increase with the increase in RH, and the 
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Fig. 4 Cumulative asperity height distribution measured at a location 
on a textured disk before (empty circles) and after (filled circles) the 
drag test 
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Table 1 Topography statistics of textural asperities in a tracl( measured 
before and after drag test 
Measured Locations 
TVacks before/after test 
Average Roughness, 
Ra (nni) 
Rxwt Mean Square 
Rflughnesa, RMS (nm) 
Maximum Peak to Valley 
Height, Rmax (nm) 
Mean Peak Density, 
Pc (count/^m) 
Mean Peak Slope, 
Ba (degree) 
Average Peak Height*, 
hj, (nm) 
Standard Deviation ot 
Peak Height*, <Thp (nm) 
Mean Radius of Curvature 





































































































4 Analysis of Experimental Results and Discussions 
4.1 Real Contact Pressure and Area. We make the anal-
ysis on the two different contact situations, flat contact and 
taper/flat edge contact, under the neglect of the contribution 
from the bulk deformation. The radius of curvature of the slider 
surface is determined as R, = 50 m at flat contact situation from 
the crowned shape of slider rails and as R, = 10 mm at taper/ 
flat edge contact situation from the machined roundness of the 
edge. We assume two cases of the height distribution of asperi-
ties, continuum, and discrete. The calculation due to the contin-
uum distribution is given in Part I and Part II on the basis of 
the GW model (Greenwood and Williamson, 1966) assuming 
the exponential height distribution and the constant radius cur-
vature of the asperity summits. Namely, the mean real pressure 
Pr due to the Hertz contact is given by (Tanaka and Kusumi, 
1998), 
Pr = 0.626{RJR,)-°°^'(a/TrR,)"^E*, (3) 
where E* is the composite Young's modulus* as defined by 
l/E* = (1 - i /?) /£ ,+ (1 -ul)IE,. (4) 
The mean pressure due to the meniscus force M is given by 
(Tanaka, 1998), 
MIA = 27(cos 9i + cos 62)m{k; a/hM,o)/Uik)a (5) 
where y is the surface tension of water and 6i and 62 are the 
contact angles between water and solid. The geometrical param-
eters mik; alhM.o) and U{k) are approximately expressed by 
m{k; a/hM.o) = 1 - [1 - C,t/(fc)]C2(ff/Vo)"' 
X exp(C?o-/4/?„.o) Erfc {C2a"''/2hl^l) (6) 
and 
U(k) = (RJRa)- (7) 
respectively, where k is the eccentricity of the contact ellipse 
as approximated to 
fe= [1 - 0.31(/?rf/i?,)'™]' (8) 
Erfc (x) is the error function, /IM,O is the initial meniscus height 
at the point contact, Ci is a parameter varying from 0.54 to 0.61 
weakly dependent on k, and Ci is a constant equal to 1.65. The 
mean real contact area A is related to the external applied force 
P „ a s 
PJA = Pr- MIA. (9) 
The discrete distribution model directly uses the data of the 
SEM measurement and successively analyzes the Hertz contact 
load and area of the individual asperities in contact. We take 
the mean level of the disk surface as a datum and refer the 
distance between the datum and the shder surface as a separa-
tion, d (see Fig. 2 in Part I ) . We denote the components for 
the (th summit height by the subscription i. If a summit of 
height Zi exceeds the separation, it will be compressed by an 
approach, 6i = z, - d, and make contact with the slider surface 
in an elliptic area with semi-axes a^ and bt. The area of contact 
A, and the load P, for the elliptic contact between /th asperity 
and the slider plane are given by Eq. (7) in Part I. If a discrete 
liquid bridge is formed around the contact area, it produces a 
meniscus force M4. Considering the asperity deformation 
caused by the Hertz contact, this is numerically obtained in Part 
II and approximately given by 
MsilMo, = [1 - CiUik)] exp [ -C2(6 , /Vo)" ' ] 
+ C:U(ki), (10) 
where Mo, is the corresponding meniscus force, which is ex-
pressed as a function of the effective radius, 7?̂ , = (W,/?^,)"^; 
Moi = 27r7(cos 9i + cos d2)Rei. (11) 
We find the total contact area and the total contact load P by 
summing A,, P;, and M« for all the number of the asperities in 
contact, n. Namely, 






P=I.Pi=Pe.+ l Mi,, 
2/3 (12) 
(13) 
where K(ki) is the complete elliptic integral of the second kind. 
Figure 6 plots the real contact areas A against applied load 
Pex for both the flat and taper/flat edge contact situations on 
the untested (a) and tested (b) tracks under two meniscus condi-
tions. These are numerically computed according to the discrete 
height distribution model using Eqs. (10) through (13) based 
on the topographic data of 200 /xm distance measured at a 
location (location #2). The 200 /xm distance can support one-
sixth of the total applied load, i.e., P,,^ = 15.5 mN, which is 
indicated by an arrow mark. Each symbol corresponds with each 
asperity in contact. The effect of meniscus force is evaluated for 
two cases; (1) no meniscus (/i^.o = 0, circles) and (2) HM.O = 
1 nm with consideration of asperity deformation (triangles). 
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Fig. 5 Frictional coefficient /u against relative humidity measured on 
untested and tested traclts 
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Fig. 6 Calculations of real contact area, 4 , against external load, P„, 
on discrete height distribution model for a track before (a) and after (b) 
drag test, when meniscus force is operated (hua - 1 nm) and not oper-
ated (/i„,o = 0) 
0.071 N/m and #1 = 2̂ = 60 deg (Israelachvili, 1995, Tian 
and Matsudaira, 1993). For the case of taper/flat edge contact 
situation, the effect of mertiscus force is so small that the rele-
vant result is not plotted in the figure. It can be seen from Fig. 
6 that only two or three asperities (1 ~ 2 percent of the total) 
per 200 ^m distance contribute to the total contact at the flat 
contact situation, whereas about 30 asperities (15 percent of 
the total) does so at the taper/flat edge contact situation. The 
former situation produces discontinuous steps on the curve, 
while the latter one forms an almost smooth curve. 
The Pex versus A relationships based on the continuum model 
are also plotted in Fig. 6 by the dotted lines. These are calculated 
using Eqs. (3) through (9). The values of a and R^ relevant to 
the taper/flat edge contact situation are those obtained from the 
15 percent of the highest peaks which are described in the last 
column of Table 1, i.e., a = 3.4 nm and Rd = 1.94 jim for 
untested track and a = 2.9 nm and R^ ~ 2.43 ^m for tested 
track. By referring to the calculation based on the discrete model 
in Fig. 6, as the values of a relevant to the flat contact situation 
are used the values obtained from 2 percent of the highest peaks 
which are determined from the dotted slope in Fig. 3, whereas 
the values of i?^ are the same as those obtained from 15 percent 
of the highest peaks, i.e., a = 1.3 nm and Ra - 1.94 ^m for 
untested track and a = 1.0 nm and R^ = 2.43 ûm for tested 
track. It follows from Fig. 6 that the continuum model calcula-
tion agrees reasonably with the discrete model calculation ex-
cept for the flat contact situation under the operation meniscus 
at hu.fi = 1 nm. 
Table 2 summarizes the real contact areas of the untested 
and tested tracks calculated for the two contact situations on 
the basis of the discrete height distribution model without con-
sideration of meniscus force OiM.a = 0). For reference, the 
values calculated on the basis of the continuum model are de-
scribed in parenthesis. These correspond to the values at the 
load application of P„ = 93 mN. Each is six times the average 
of four values obtained using the data of 200 \xvci distance 
measurement at four different locations, whose topographic sta-
tistics are described in Table 1. Table 2 also tabulates the mean 
real contact pressure pv = PexIA, and the total approach 67- = 
Z\ - d, and^he dimensions of the representative contact ellipse, 
a, b, and 3'/b. Here, the representative aspect ratio a/b is derived 
from an approximate formulation obtained in Part I as 
a/b = l.SO(RJRd)° (14) 
where R^ is the average value of i? ,̂ over the number of asperi-
ties in contact n, and a" and b are determined from the relation 
A = mrab. Since the present model assumes a line contact of 
a hypothetical cylinder, the apparent contact area is roughly 
evaluated by 2aL per one slider rail. Or equivalently, the appar-
ent contact area or pressure may differ by a factor of 40 ~ 50 
between the two contact situations. However, Table 2 indicates 
that the real contact area or pressure differs only by a factor of 
two. It also shows that the wear of tracks in the present drag 
test slightly changes the real contact area and pressure at both 
the contact situations. 
On the other hand, it follows from Fig. 6 that both the contact 
situations and the wear of asperities sensitively affect the real 
contact Jirea when the meniscus force operates. Particularly, this 
effect appears the more distinctive as the number of the contact 
asperities become smaller with the decrease in the externally 
applied load, P^ . This is because the meniscus force is much 
more dependent on the aspect ratio of contact ellipse than the 
Hertzian force. That is, the former force is proportional to R^, 
whereas the latter force is to R"^. Since the present calculation 
assumes that the values of R, differ by a factor of 5 X 10^ 
between flat contact and taper/flat edge contact situations, the 
values of Rg differ by a factor of 70 between the two contact 
situations. Thus, for taper/flat edge contact situation, the menis-
cus force at a point contact. Mo, is very small (~0.06 mN), 
while the force for flat contact situation attains almost one third 
of the external load per 200 fim (~4.4 mN). Consequently, as 
demonstrated in Fig. 6, the real contact area for a flat contact 
Table 2 Contact calculations on tested and untested tracks for two 
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situation increases stepwise as a result of the self-adhesion by 
the meniscus force without the increase in the external load. 
Comparing the estimated real contact areas for the virgin (a) 
and worn (b) tracks, we know that the effect of meniscus force 
is more pronounced in the worn track. This is explained as 
follows. The truncation of the asperity summits by wear would 
occur more in the higher asperities in contact, and decrease in 
the height variation, particularly among the uppermost asperi-
ties; this is equivalent to the decrease in standard deviation 
a in the continuum height distribution function. The .smaller 
variation in height would tend to increase in the number of 
asperities contributing to the self-adhesion by meniscus. 
Figure 7 (a) shows the continuum height distribution model 
calculation of net real contact pressure, p, — MIA, against radius 
of slider, /?,, for both the untested and tested tracks. This is 
computed from Eqs. (3) and (8) together with the experimental 
parameters used for the calculation of the continuum model in 
Fig. 6. Figure 7(a) indicates that as the standard deviation a 
is decreased or the disk surface becomes smoother, the net real 
contact pressure p, - M/A is much more reduced when the 
meniscus force is operated. This is because M/A is proportional 
to l/a, as given in Eq. (3). 
In the discussion above, the effect of the bulk deformation 
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Fig. 7 Calculations of net real contact pressure, Pr - M/A, (a) and 
frictional coefficient, /u., (b) against radius of curvature of slider surface, 
R„ on continuum height distribution model for a track before and after 
drag test, when meniscus is operated (/)M,O = 1 nm) and not operated 
(Vo = 0) 
asperities are far apart and have no interaction. The effect will 
now be discussed using the continuum height distribution 
model. As derived in Part I, the mean bulk compression, w^, is 
correlated with 2a/L as expressed by 
vPi = P/T:LE*[2 In (41/a) - 0.5]. (15) 
The value is calculated using the data of 15 percent of the 
highest asperities and indicated in the third row of Table 2. It 
is unnecessary to say that the bulk compression becomes the 
maximum at the taper/flat edge contact situation. The pertinent 
values for both the untested and tested tracks are about 5 nm. 
The combined normal displacement of both the disk and slider 
surfaces is the sum of the asperity displacement, 6T, and the 
bulk compression, w,,. This amounts to about 15 nm for both 
tracks at the taper/flat edge contact situation and attains half of 
the thickness of the overcoat carbon film. However, it is ex-
pected that this amount of deformation would not induce plastic 
defomiation in the overcoat film, since the Berkovich nano-
indentation becomes elastic up to the penetration depth equal 
to 13 nm or higher, as shown in Fig. 2. It should be remembered 
that the tip radius of Berkovich indentation is 0.15 fj,m and 
much sharper than that of the asperities (~2 fj.m). 
4.2 Frictional Coefficient. The adhesion theory by Bow-
den and Tabor (1964) predicts that the coefficient of friction fi 
is linearly proportional to real contact area or inversely propor-
tional to real contact pressure. If the meniscus force is included, 
II is expressed by 
M = To/(Pr - M/A) (16) 
where TQ is the shear strength of asperity in contact. In order 
to evaluate the shear strength at HDI in the present study, we 
relate the experimental frictional coefficient ^i to the real contact 
area pr estimated according to the discrete height distribution 
models. Assuming that the jU values at 46 percent RH for un-
tested surface and 48 percent RH for tested surface are not 
affected by the meniscus force, we determine the value of p^ 
± n, from the experimental data of both the surfaces, where iXa 
is the average of jx values measured during one cycle and ^j 
the standard deviation. We write the values thus determined 
into the eighth row of Table 2 so that /ti = /n„ -t- /ij at the flat 
contact situation and /U = //„ - /i, at the taper/flat edge contact 
situation. The shear strengths TQ are estimated by substituting 
the values of jx and pr in Table 2 into Eq. (16) on the assumption 
that M = 0. The results are depicted in the last row of Table 
2. Both the estimations based on the two models yield almost 
the same level of shear strength irrespective of the contact situa-
tions, although the worn track provides slightly higher shear 
strength than the unworn track. 
Figure 7 exhibits the frictional coefficient p, against the radius 
of curvature of slider R, predicted from Eq. (16) for various 
conditions corresponding to those in the calculation of net real 
contact pressure as shown in Fig. 7. Here, as the relevant shear 
strengths are used the values obtained on the basis of the discrete 
height distribution; To = 72 MPa for untested track and 95 MPa 
for tested track. The humidity dependence of the experimented 
frictional coefficients shown in Fig. 5 may be related to the 
predicted curves. Tian and Matsudaira (1993) examine the 
thickness of adsorbed water on the head surface and on the 
unlubricated disk surface as a function of RH. Their data indi-
cate that the thicknesses ranged from 0.6 through 1.0 nm at RH 
= 80 percent and from 0.9 through 1.3 nm at RH = 90 percent. 
The predicted JJL values at hM,Q = 1 nm can, therefore, be com-
pared with the experimental /U values measured at RH = 83 
percent in the present study. The frictional coefficients are var-
ied with the contact situations; the minimum is due to the taper/ 
flat edge contact situation, while the maximum due to the flat 
contact situation. The prediction in Fig. 7 ( i ) yields the variation 
in p from 0.11 (at iJ, = 10^^ m with a = 3.4 nm) through 0.33 
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(at /?s = 50 m with cr = 1.3 nm) for untested tracks and from 
0.19 (at R, = 10"^ m with a = 2.9 nm) through 0.72 (at R, = 
50 m with ff = 1.0 nm) for tested track. This agrees well with 
the experiment at RH = 83 percent as shown in Fig. 5. It is 
noted that the minimum of the experimental /z values in Fig. 5 
does not actually vary with RH in contrast to the large variation 
of the maximum. This is reasonable, since the taper/flat edge 
contact situation is almost unaffected by the meniscus force. 
One the other hand, the number of asperities contributing to the 
flat contact situation is so small that the height distribution may 
vary with the contact position in a disk. As revealed in Fig. 6, 
the meniscus force would accelerate the trend and causes a 
discontinuous /"„ versus A relationship. Therefore, we would 
expect that the maximum friction, which is determined by the 
flat contact situation, is liable to fluctuate depending on the 
contact position. 
Finally, we analyze the data of frictional measurements by 
Koka et al. (1990) on the wear tracks of circumferentially tex-
tured disks, which were slid by 100 percent AljOs-TiC head 
sliders in continuous drag and contact start/stop tests. Figure 8 
plots their data of frictional coefficient fx against dimensionless 
quantity (/S^/cr)"^, where the i?,; and a values are for the highest 
peak of each of 24 profiles measured at equally spaced angular 
intervals in and between the wear tracks. The empty and filled 
circles indicate their results for virgin and worn tracks, respec-
tively. For comparison, we show two data obtained in our labo-
ratory in the figure. One is the result in the present study, which 
is indicated by the triangular symbols. These are calculated for 
the two contact situations by using the same fi and RJa values 
as those used in the derivation of the curves in Fig. 1(b). The 
other is the result due to Kusumi (1997), which is indicated 
by the square symbols. He examined the friction on a hydroge-
nated-carbon overcoated disk (E* = 102 GPa) by using a 50 
percent MzOs-TiC head sUder (E, = 197 GPa). The roughness 
of the disk, R^, is 8 ~ 9 nm. The analysis of the topography 
and experimental data was made in the same way as in the 
present study. The result is summarized in Table 3. We can 
predict that fx is related to (RJa)^'^ as 
Table 3 Results of contact calculations and frictional tests due to Ku-
sumi (1997) 
H = 2.S3(TO/ E*KRJR,)''"''{RJay (17) 
which is obtained by substituting Eq. (3) into Eq. (16) on the 
condition that M = 0. The experimental results of our laboratory 
in Fig. 8 are bounded by the two respective lines predicted from 
Eq. (17); the upper for flat contact situation and the lower for 
flat/taper edge contact situation. The ro value in the present 
study is equated to 83 MPa, the arithmetic average of the two 
values, 72 MPa and 95 MPa. The values relevant to Kusumi's 
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work are determined by a process of trial and error to give a 
best fit with the experimental data. These are 190 MPa for the 
virgin track and 370 MPa for the worn track. The experimental 
data obtained by Koka et al. (1990) for both the tracks are 
nearly coincident with those by Kusumi (1997), when the two 
extraordinary data, one for worn track and the other for virgin 
track, are excluded. The straight lines best fit to the data by 
Koka et al. are plotted by the dotted lines on the graph. Since 
the term {RJRif-^'^^ in Eq. (17) varies very weakly with the 
ratio, RJRd, the slope of the straight lines gives the normalized 
shear strength TQ/E*. We have the estimations from the data 
of Koka et al. at TQ/E* = 4.8 X 10"' for worn track and 1.8 
X 10"' for virgin track, assuming that R, = 50 m, the same as 
the value at flat contact situation of the present study, and R^i 
= 5 iim as the representative value of radius of curvature in 
the measurements by Koka et al. The estimations from the 
experiments by Kusumi are TQ/E* = 5.5 X 10"' for worn track 
and 2.8 X 10 ' for virgin track and the value of the present 
study is 1.4 X 10"'. We can deduce the following from these 
estimations; (1) The wear causes the increase in TJE*. (2) 
The material of head slider may influence TQ/E'*; AljOs/TiC 
sliders result in a higher value of TQ/E* than CaTiOs sliders. 
(3) The value of TO/E* may differ by a factor of four among 
the different tribological conditions. This fact suggests that 
while the surface topography is significant in determining fric-
tion at any time, the inherent shear strengths at HDI are crucial 
in the friction build up process. 
5 Conclusion 
We examined friction at HDI on both the once-drag tested 
track and untested virgin tracks under various RH conditions. 
The results are analyzed according to the ellipsoidal Hertz con-
tact model including the meniscus effect of water, which is 
presented in Part I and Part II. We assume the two models of 
height distribution of asperities, continuum and discrete. The 
estimations of real contact area and pressure obtained by the 
two height distribution models agree reasonably with each other 
at the taper/flat edge contact situation, while they differ signifi-
cantly at the flat contact situation. The discrepancy is due to 
the different number of asperities in contact between the two 
contact situations. That is, 15 percent of the highest asperities 
are contributing to the taper/flat edge contact, treatable by the 
continuum statistics, whereas only one or two percent contribute 
to the flat contact situation where the topography of the individ-
ual asperities is discretely influential. The texture peaks in the 
present study are much flatter among the two percent of the 
highest asperities than among 15 percent of the highest. Thus, 
the estimation at flat contact situation is equivalently made on 
the basis of the continuum model by considering that the stan-
dard deviation a is much smaller than that obtained by the 
statistics of 15 percent of the highest asperities. The meniscus 
force for the flat contact situation effectively reduces the net real 
contact pressure by the decrease in a, resulting in the increase in 
frictional coefficient, /x, while it causes only a negligible change 
in n for the taper/flat edge contact situation. The effect of 
meniscus appears stronger for the tested track because of the 
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decrease in a by the truncation of the tips of the uppermost 
asperities. The theory explains well the effect of RH on the 
experimental results. The analysis of fi versus {RJaY'^ rela-
tionship indicates that the normalized shear strengths at HDI, 
TQIE*, may differ by a factor of four among the different tribo-
logical conditions. 
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